Magnetic materials with a high self-biased ferromagnetic resonance (FMR) frequency and low electrical conductivity hold great potential for RF/microwave devices. In this work, ferrite film consisting of Fe 3 O 4 (1.2 lm)/photoresist (60 nm)/Fe 3 O 4 (1.2 lm) was deposited at 90 C via spin spray deposition. Broadband impedance imaging with nanometer spatial resolution was recorded by using scanning microwave microscopy. Compared to a reference sample, it turned out that the grain boundary appeared to be more conductive than the grain.
Magnetic materials with a high self-biased ferromagnetic resonance (FMR) frequency and low electrical conductivity hold great potential for RF/microwave devices. In this work, ferrite film consisting of Fe 3 O 4 (1.2 lm)/photoresist (60 nm)/Fe 3 O 4 (1.2 lm) was deposited at 90 C via spin spray deposition. Broadband impedance imaging with nanometer spatial resolution was recorded by using scanning microwave microscopy. Compared to a reference sample, it turned out that the grain boundary appeared to be more conductive than the grain. Governed by the Landau-Lifshitz equation, 1 the magnetic permeability is mainly determined by the saturation magnetization, ferromagnetic resonant frequency, magnetic anisotropic field, damping factor, external magnetic field, and shape-induced demagnetizing factor. Apart from these, the conductivity of the magnetic material and the induced eddy current at radio frequency (RF)/microwave frequencies deteriorate the magnetic permeability and significantly increase the loss. In fact, the high conductivity imposes a formidable challenge in applying metallic ferromagnetic thin films in integrated RF/microwave circuits, though many efforts have been made to develop high resistivity magnetic nano-granular films.
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Low temperature spin sprayed ferrite films (Fe 3 O 4 ) with high self-biased ferromagnetic resonance (FMR) frequency and high electrical resistivity have been recently reported. 8 Such films can find immediate applications in patch antennas and bandpass filters. 9, 10 However, the spin sprayed Fe 3 O 4 films suffer from a high magnetic loss.
In this study, broadband impedance imaging with nanometer spatial resolution was recorded using scanning microwave microscopy (SMM). The imaging contrast revealed the difference in the electrical properties of the grain boundary and of the inner grains. It turned out that the grain boundary of the spin sprayed Fe 3 O 4 films had a higher electrical conductivity than the inner grains.
II. EXPERIMENTS
The Fe 3 O 4 (1200 nm)/photoresist (PR 30 nm)/Fe 3 O 4 (1200 nm) multilayer thin film was fabricated at 90 C via spin spray deposition onto commercially available 0.1 mm thick glass substrate. An oxidation solution containing 2 mM NaNO 2 and 140 mM CH 3 COONa with a pH value of 9 and a precursor solution containing 10 mM Fe 2þ and a pH of 4 were sprayed simultaneously through two separate nozzles onto a glass substrate rotating at 145 rpm in the presence of N 2 gas. The growth rate was $40 nm/min.
The magnetic properties of the film were measured using a vibrating sample magnetometer (VSM) with an external magnetic field applied parallel (in-plane) and perpendicular (out of plane) to the film plane. The FMR spectrum of the film was determined using an electron paramagnetic resonance (EPR) system operating at X-band (9.6 GHz) with an external magnetic field applied parallel to the film plane, and the complex permeability spectra of the film was measured using a broad band custom-made permeameter consisting of a coplanar waveguide connected to a network analyzer with a bandwidth of 0.045 to 10 GHz. The structural and magnetic properties are summarized in Table I. SMM consists of an atomic force microscope (AFM) and a microwave network analyzer (PNA). Such a system allows the simultaneous characterization of the surface morphology and electromagnetic properties of the sample. The lateral resolution of SMM is proportional to the tip radius, and its principle has been described recently. [11] [12] [13] For comparison, a reference sample with a 5 nm thick partially oxidized graphene nanosheet on a platinum surface was measured.
III. RESULTS AND DISCUSSION
The complex magnetic permeability of the Fe 3 O 4 /PR/ Fe 3 O 4 multilayer was measured and shown in Fig. 1 . Simulations were performed based on the parameters listed in Table  I . The Landau-Lifshitz phenomenological damping constant a was assumed to be $0.46 in the simulation in order to obtain a reasonable fit. The value is, however, far above the value of $0.011 obtained from the EPR in Table I . This is partly because the broad band complex permeability measurement was done in the absence of external magnetic field, whereas the EPR measurement was performed in a strong (2012) external magnetic field. VSM measurements showed that there was no preferred in-plane magnetization direction. It should be pointed out that various microscopic origins might cause the increase of the damping factor, such as eddy current. 14 The surface morphology of the Fe 3 O 4 /PR/Fe 3 O 4 multilayer in Fig. 2(a) showed pebble-stone shaped particles with sizes ranging from a few hundred nanometers to a couple of microns. The magnitude of the complex reflection coefficients was recorded by SMM and is shown in Fig. 2(b) . Prior to each SMM imaging, a frequency scan over the range of 0.5-6.0 GHz was performed, and typically a number of resonant peaks could be registered. To improve the accuracy and sensitivity, the SMM image was recorded in contact mode and in the vicinity of the sharpest resonance peaks (f ¼ 2.3909 GHz). Compared to Fig. 2(a) , there is a clear contrast between the inner grains and the boundaries in Fig. 2(b) . The amplitude of the reflection coefficient from the grain boundaries is higher than those from the inner grain region, as manifested by bright lines for the grain boundaries and black holes for the grains. The surface morphology and the reflection coefficient were measured and read out through different channels (i.e., laser diode for surface morphology, PNA for SMM), ensuring decoupling between the surface morphology and the SMM image. The contrast in Fig. 2(b) thus reflects solely the response of RF/microwave signals due to the different electrical properties of the materials.
Measurements on a reference sample with known conductivity/resistivity were performed at the same frequency (Figs. 2(c) and 2(d) ). The sample contained a 5 nm thick partially oxidized graphene nanosheet on a platinum surface. It is known that oxidized graphene has poorer conductivity than platinum. In Fig. 2(d) , the platinum substrate appears to be brighter than the graphene oxide, suggesting that the grain boundaries are more conductive than the grains in Fig. 2(b) .
An equivalent circuit of SMM is shown in Fig. 3(a) . The shunt capacitive component represents the dielectric property, and the resistive component represents the conductivity of the sample. The length of the transmission line was designed to be k/2 at $2.5 GHz, where k is the wavelength. Based on the transmission line theory, the amplitude C j j and phase angle h of the complex reflection coefficient can be written as
where x is the angular frequency. From Eqs. (1) and (2), the sample with the higher electrical conductivity, i.e., the lower value of R, will have a larger value of C j j and a smaller h; Table I . the sample with higher dielectric constant will have larger values of both C j j and h. Figure 3 (b) and 3(c) show the measurements recorded at h ¼ À93:4 and f ¼ 2:4868GHz. The grain boundary had a larger value of C j j and a smaller value of h, thus verifying a higher electrical conductivity of the grain boundary than of the grain. In practice, the k/2 resonance was recognized by choosing the peak with a phase angle h ¼ Àp=2.
According to the grain-boundary space charge model, the mixed ionic and electronic boundary contains a grain boundary core and two adjacent space charge regions. [15] [16] [17] The accumulation of charges in the space charge region has been revealed by a number of groups. [18] [19] [20] The accumulated charges, we believe, play an important role in the enhancement of the local grain boundary conductivity, leading to the contrast in the SMM image. The excessive conductivity of the grain boundaries leads to significant eddy current and consequently increases the Landau-Lifshitz damping constant a.
IV. SUMMARY
In conclusion, we have performed in situ SMM characterization of multi-layer ferrite film prepared via lowtemperature spin-spray processing. We discovered different electrical properties of the grain boundaries and the grains. The grain boundaries appeared to be more conductive, which might be caused by the charge accumulation in the grain boundary space charge region. The observation of excessive conductivity of the grain boundaries is in good agreement with our simulation results using a large value of a. 
